Abstract The aim of this study was to establish a protocol for an efficient production of agronomical and/or physiological mutants from model (cvs. Igri and Cobra) and low-androgenic-responding (cv. Volga) cultivars of barley through the application of a mutagenic agent, sodium azide, to anthers and isolated microspores cultured in vitro. This technology offers the possibilities of screening for recessive mutants in the first generation, selecting for novel genotypes from very large haploid populations, avoiding chimerism and rapidly fixing selected genotypes as fertile true breeding lines. The mutagenic treatment, 10 -3 -10 -5 M sodium azide, was applied during the anther induction pre-treatment or immediately after the microspore isolation procedure. Out of 616 M 2 doubled-haploid lines characterised under field conditions, a total of 63 morphological and developmental independent mutant lines were identified. The percentage of M 2 doubledhaploid lines carrying mutations per line analysed was 3.8% when 10 -4 M sodium azide was applied to anthers from the low-responding cv. Volga; this increased to 8.6% and 15.6% when 10 -5 and 10 -4 M sodium azide were applied to freshly isolated microspores from model cultivars.
Introduction
Mutation techniques have already proven their potential for generating useful variability in plant breeding, as shown by the 1970 accessions from more than 150 plant species registered in the FAO/IAEA Mutant Varieties Database (updated to 1994) . Mutant cultivars of cereals are the most abundant, followed by legumes and oil crops. Among the cereals, mutation techniques have been the most successfully applied for improving rice and barley, followed by wheat and maize .
Barley mutant cultivars have significantly contributed to the economy of many countries. One example is the semidwarfness obtained in barley varieties Pallas in North Europe, Diamant in Central Europe and Golden Promise in the United Kingdom. For a thorough review of barley morphological and physiological mutants see Lundqvist (1992) . Most of the mutants described in different species were developed after the irradiation or application of chemical mutagens to the corresponding seeds. In barley, sodium azide (N 3 Na) is one of the most efficient mutagenic agents (Konzak et al. 1972; Nilan et al. 1973 ) and has become the agent of choice for grain mutagenesis due to its easy handling and the low rate, if any, of chromosome aberrations produced (Nilan and Pearson 1975; Lundqvist 1992; Olsen et al. 1993) .
The development of efficient in vitro culture methods during the last decade has brought about an increased interest in the application of mutation techniques to in vitro systems. It has been suggested that he production of DH lines is one of the most efficient systems for facilitating the application of these techniques (Maluszynski et al. 1996) . The advantages of mutagenesis in haploid cells are: (1) chimerism is avoided; (2) mutants can be rapidly fixed; (3) the screening of recessive mutants is possible in the first generation; (4) the production cycle of a pure mutant is shortened. Furthermore, the availability of large populations increases the probability of identifying desired beneficial mutants, particularly following the application of in vitro selection agents.
The application of mutation techniques to haploid systems has been limited to the few species for which there is an efficient protocol for obtaining green plant regeneration from haploid cells. Among crops, the Brassica microspore culture system together with a chemical mutagenic treatment has been widely used to generate variation in economically important traits, such as resistance to herbicides as chlorsulfuron, glyphosate and imidazolinones (Beversdorf and Kott 1987; Swanson et al. 1988 Swanson et al. , 1989 or improved fatty acid composition (Kott et al. 1996) . To our knowledge there is only one report on mutants in cereals being produced by treating haploid cells. In rice, two DH mutant lines with improved yield and blast resistance were obtained from the mutagenic treatment of anther cultures (Hu 1983) .
The efficient production of DH plants in barley from anther or isolated microspore cultures has been developed and improved during the last 15 years for both model and low-responding cultivars (Clapham 1973; Köhler and Wenzel 1985; Olsen 1987; Hunter 1988; Mordhorst and Lörz 1993; Cistué et al. 1999; Castillo et al. 2000) . In fact, new barley varieties are continuously released from DH (for a review see Kasha et al. 1997) . The high efficiency of this system makes it particularly attractive for mutagenesis.
Attempts, in barley to apply mutagenesis in combination with haploid in vitro culture techniques have been described. Two different approaches have been undertaken: (1) the use of M1 plants, originated from seeds treated with a mutagen, as donor plants for anther culture (Umba et al. 1991; Szarejko et al. 1995) ; (2) the mutagenic treatment of haploid cells, as applied to immature embryos derived from crosses with H. bulbosum (Gaj and Malunszynski 1991) , or spikes containing microspores for initiating androgenesis (Szarejko et al. 1995) . However, the production of barley mutants after the application of a mutagen directly to anther or microspore in vitro cultures has not yet been reported.
In this paper, we report the establishment of a protocol for the efficient production of agronomical and/or physiological mutants from model and lowresponding cultivars of barley by the application of sodium azide to anthers and freshly isolated microspores cultured in vitro. This protocol could be of great importance in the mutation breeding of crop plants.
Materials and methods

Material
Three barley winter cultivars were used as the source of anthers and microspores. The cultivar Volga was used because of its high grain yield and good malting quality, although it has a low androgenic response due to a high rate of albinism. Cultivars, Igri and Cobra were selected due to their good androgenic response and high grain yield. Plants of these three cultivars were vernalised and grown in growth chambers as described previously by Cistué et al. (1999) .
Mutagenesis and culture
Spikes were collected when most of the microspores were at the late uninucleate stage. Leaf sheaths with enclosed spikes were surface-sterilised by spraying with 70% ethanol.
For anther mutagenesis, the anthers from cv. Volga were removed directly from the spikes and cultured on 0.7 M mannitol solidified with 8 g/l agarose containing 10 -3 or 10 -4 M sodium azide (N 3 Na) (pHp5.8) for 6 h. Non-treated anthers were used as the control. After treatment, the anthers were collected, washed with 0.3 M mannitol for 10-15 min to remove any residual N 3 Na and then pre-treated for 4 days on 0.7 M mannitol solidified with 8 g/l agarose. The cultures were placed in darkness at 25 7C. Ten pre-treated anthers were cultured in 3-cm-diameter petri dishes containing 1.5 ml FHG liquid medium (Hunter 1988 ) supplemented with 200 g/l Ficoll Type 400. Nine to 12 days after culture, 1.5 ml of the same medium supplemented with 400 g/l Ficoll Type 400 was added to the petri Dishes (Cistué et al. 1999) . One hundred anthers, ten anthers from each spike, were used for each treatment.
For microspore mutagenesis, anthers from cvs. Cobra and Igri were pre-treated on 0.7 M mannitol solidified with 8 g/l agarose and cultured in darkness at 25 7C for 4 days as described by Cistué et al. (1994) . After pre-treatment, the anthers were harvested in 0.3 M mannitol, and microspores were released using a glass rod homogeniser. The microspore suspension was centrifuged at 1,000 rpm for 5 min and the pellet resuspended in 1 ml of 0.3 M mannitol. This suspension was placed on the top of 4 ml of a 20% (w/v) maltose solution and centrifuged again at 1,000 rpm for 5 min. Microspores located at the mannitol/maltose interface were collected and washed with 10 ml of 0.3 M mannitol. The microspore solution was centrifuged again, and the pellet was resuspended in FHG liquid medium.
Treatments with 10 -4 and 10 -5 M sodium azide (pHp5.8) were applied for 1 h, after washing with mannitol. Non-treated microspores were used as the control. Following the N 3 Na treatment, the microspore solution was centrifuged, and the pellet was resuspended in 0.3 M mannitol and centrifuged again in order to remove the sodium azide. After two washes, the microspore pellet was resuspended and cultured, at a final density of 1.2!10 5 microspores/ml, in 1.5 ml of FHG liquid medium supplemented with 100 g/l Ficoll Type 400 in 3-cm-diameter petri dishes at 25 7C in the dark. Ten days after culture, an equal amount of the same medium supplemented with 300 g/l of Ficoll (FHG-F300) was added to each petri dish (Cistué et al. 1995) . Five days later, the cultures were transferred to 9-cm-diameter petri dishes containing 12 ml of fresh FHG-F300 medium. For this experiment, two microspore isolation procedures were carried out, one for each concentration, and thus control cultures and three replicates per treatment were used for each isolation.
After 21-30 days in culture, well-developed embryos and microcalli from anther and microspore cultures were transferred for regeneration to FHG medium without glutamine and supplemented with 31 g/l maltose, 0.5 mg/l IAA and 1 mg/l BAP (Castillo et al. 2000) . The cultures were incubated in the dark at 25 7C for 2 days and then transferred to a growth chamber maintained at 24 7C under a light intensity of 30-40 mm m -2 s -1 and a All statistical analyses were carried out using standard SAS/ STAT procedures (PC Windows version 6.12, SAS Institute, Cary, N.C.). These analyses include basically analyses of variances and mean separation tests of the original untransformed data.
Mutant characterisation
The plants recovered after the culture procedure were vernalised and transferred to soil as described by Castillo et al. (2000) . Plants (M 1 ) with three to four leaves were transferred to the greenhouse for further development in order to obtain the mature seed.
The screening of the M 2 generation was carried out in the field, in three-row plots (1.00!0.40 m) sown using a pneumatic machine. Each M 2 line was sown in one row. Due to the breeding system, the mutant rows were expected to show no segregation within themselves and, thus, to appear to be homogeneous (homozygous for the mutation). The number of M 2 DH lines screened was 385 from Cobra, 179 from Igri and 52 from Volga.
The morphology of the M 2 lines was carefully studied in more than 15 scoring sessions throughout the growing season, when attention was also paid to the length of the different developmental stages. The characters studied included: plant habit at tillering, hairiness of the basal leaf-sheath, plant colour and size changes throughout the cycle, wax deficiencies (eceriferum mutants), chlorophyll deficiencies (albina, xanta, viridis and chlorina mutants), heading and maturing dates, spike type (two vs. six rows), susceptibility to diseases and to the herbicide used and male-sterility.
Results and discussion
Mutagenic treatment
We applied sodium azide to anther and microspores cultures in an attempt to establish an efficient method for mutagenesis in barley. Two important factors associated to the use of chemical mutagens, and N 3 Na in particular, were a priori considered: the pH of the solution for better penetration of N 3 Na through the cell membranes (Beevers and Simons 1949; Kleinhofs et al. 1974 ) and the linear relation between the concentration of mutagen and the frequency of mutations (Nicknejad 1975; Nilan 1981; Reddy and Revathi 1992) . In protocols for realising the mutagenesis of mature seeds of barley, a concentration of 10 -3 M N 3 Na at pHp3 is usually used (Molina-Cano et al. 1989 ). However, the androgenic capacity of barley microspores decreases significantly when the pH of the culture medium is reduced below 5.8 (Cistué et al. unpublished) . Furthermore, the number of membranes the mutagen has to pass through when applied directly to the anther or microspore is lower than when seeds are used. Both of these aspects led us to use a higher pH (pHp5.8) and a lower concentration of mutagen than used for seed treatment.
Androgenic response
Our first attempt at mutant production was performed using cv. Volga. Since this cultivar has a poor androgenic response, anther culture was preferred for assuring green plant recovery of this cultivar. To ensure a predictable frequency of plant regeneration with genetic alterations from anther culture mutagenesis, we studied different aspects of the androgenic response. (Table 1 ). Concentrations of 10 -4 M of the mutagen had a stimulatory effect on the number of divisions per anther (DM): 26.6 for the control and 33.5 in the presence of 10 -4 M N 3 Na. However, when 10 -3 M N 3 Na was used, the number of divisions was reduced to 7.6.
Although the percentage of embryos per dividing microspore (EMB%) from cv. Volga was not significantly affected by any of the N 3 Na treatments, the higher concentration of N 3 Na (10 -3 M) produced a slight increase in this variable. The application of 10 -3 M N 3 Na had a strong effect on the percentage of total plant regeneration (REG%): it increased significantly from 8.6% in control cultures up to 18.2%. However, the lower concentration (10 -4 M N 3 Na) produced a non-significant increase (10.6% plants per dividing microspores). Surprisingly, in this study the application of any of the N 3 Na concentrations to anther culture enhanced the percentage of green plants (GP%), whereas it had been shown previously that the application of this mutagen to seeds produced a high rate of albino lines (up to 35% clorophyll-deficient mutants was reported by .
The application of 10 -4 M N 3 Na to anthers resulted in more than twice the number of green plants per anther than in the control. The enhancement of the number of regenerated green plants per anther by 10 -4 M N 3 Na was due to the high percentage of division and green plant regeneration. Our results suggest that the application of sodium azide promotes the androgenic response in cv. Volga.
After the whole process we were able to obtain, out of the 200 anthers of cv. Volga treated with N 3 Na, a total number of 75 putative mutant lines that were transferred to soil. Sixty-nine plants survived, and 52 of these lines set seeds. These lines were included in the morphological characterisation analysis.
Although anther culture has been preferred over isolated microspore culture for DH production from a wide range of cultivars or F 1 crosses (Castillo et al. 2000) , isolated microspore cultures could provide the opportunity of producing, in high-responding cultivars, large numbers of green DH plants with less effort.
In order to develop a method for inducing a high frequency of mutations, we used freshly isolated microspores from cvs. Cobra and Igri for the mutagenic treatment. Chemical mutagens can be more difficult to apply to an isolated microspore system because: (1) microspores are extremely fragile during the isolation procedure, (2) the mutagen is directly in contact with the microspores and (3) the removal of residual mutagen can easily damage the microspores. For these reasons, low concentrations of N 3 Na (10 -4 M and 10 -5 M) were assayed for microspore mutagenesis, and the number of washes was reduced from six washes, the normal procedure applied to pre-soaked seeds (Molina-Cano et al. 1989) , to two washes.
The androgenic response of cv. Cobra microspore culture was studied after the mutagenic procedure (Table 1) . Of all the parameters studied, only the number of dividing microspores per anther was significantly affected by the concentration of the mutagen. An average of ten dividing microspores per anther was produced from the control and 10 -5 M N 3 Na-treated microspores, whereas the application of 10 -4 M N 3 Na drastically reduced the number of division to 5.9.
A total number of 1,020 green plants were produced by the microspore culture technique from 945 anthers (315, three repetitions) of cv. Cobra treated with 10 -5 M N 3 Na. Of these plants, 488 (48%) were transferred to soil, 446 survived the acclimatisation process and 385 set seeds. When microspores were treated with 10 -4 M N 3 Na, a total number of 531 green plants were recovered from 750 anthers (250, three repetitions). Due to a growth chamber failure during the acclimatisation process, no DH lines were recovered from cv. Cobra microspores treated with 10 -4 M N 3 Na.
In order to compare the androgenic efficiency of the anther and microspore mutagenic methods, we studied the behaviour of both systems when the same concentration of N 3 Na (10 -4 M) was used. When 10 -4 M N 3 Na was applied to microspores the number of divisions was reduced drastically, whereas this variable increased significantly in treated anthers. This difference seems to be due to the higher sensibility of the isolated microspores to the mutagen, showing somehow the protective role of the anther wall layers. Differences were also observed in the number of green plants per total number of plants, with a significant increase in the anther system and a slight decrease in the microspore system when compared with the control.
A similar tendency to an increase in the percentage of embryos and total plant regeneration was observed in both systems when the concentration of N 3 Na was increased. The enhancement was significantly higher in anther culture than in microspore culture (Table 1) . A likewise stimulating effect of mutagen treatment was observed on the number of haploids in anther culture of M 1 tobacco plants (Vagera et al. 1976) . Even the application of low doses of mutagen to seeds used as donor plants prior to anther culture has been shown to be essential for the production of androgenic plants from recalcitrant cultivars of such species as rice (Aldemita and Zapata 1991) . The same stimulatory effect was observed when donor inflorescences or spikes were irradiated with low doses of gamma rays just before culture, in potato (Przewozny et al. 1980) , wheat (Ling et al. 1991) and tomato (Shtereva et al. 1998) . In barley, a slight increase in green plant regeneration was observed when M 1 plants were used as donors for anther culture (Szarejko et al. 1995) . However, after the irradiation of donor spikes, even with low doses, the anther culture response was significantly reduced independent of the genotype (Szarejko et al. 1995) .
A model of two different stimulatory effects has been described, dependent on the doses of mutagen applied to the seeds, on in vivo growth of M 1 tobacco plants. Low doses caused a transient stimulation of plant growth during the early stages of development, while higher doses resulted first in inhibited growth and later in a rapid increase of the mitotic index in shoot apical meristems (Adamska and Maluszynski 1983) . In our study, only the anther mutagenic system results are in agreement with this model. A low dose of mutagen caused a stimulation of microspore divisions, but higher doses first drastically reduced the number of divisions but later increased the percentage of embryos and plant regeneration.
Utilisation of the system
The potential of the androgenic mutagenesis system has been investigated by treating anthers from cv. Volga with 10 -4 M N 3 Na and freshly isolated micro- spores from cvs. Igri and Cobra with 10 -4 M N 3 Na and 10 -5 M N 3 Na, respectively. Due to the loss of the plants derived from the microspores of cv. Cobra treated with 10 -4 M N 3 Na (Table 1) , and due to the lack of Cobra spikes in that period, another set of experiments was carried out with spikes from cv. Igri, the latter having a similar androgenic response to Cobra (Cistué et al. 1999) . A total of 531 green plants from cv. Igri were produced from 693 anthers: 281 (53%) were transferred to soil and 179 set seeds.
In total, 616 M 2 DH lines (385 from cv. Cobra, 179 from Igri and 52 from Volga) derived from mutagenically treated material were included in the morphological characterisation analysis of M 2 under field conditions. Numerous DH lines with mutations in their morphological developmental pattern were detected ( Table 2 ). The dwarf, late heading with small spike form was the most frequent type of morphological mutation observed.
The average percentage of M 2 DH lines carrying a morphological mutation, calculated for all the treatments and cultivars, was 9.5%. We found two DH M 2 mutant lines from anther cultures (cv. Volga) treated with 10 -4 M N 3 Na, corresponding to 3.8%. Thirty-three DH mutant lines were identified from cv. Cobra isolated microspores treated with 10 -5 M N 3 Na and 28 from cv. Igri isolated microspores treated with 10 -4 M, which means mutation percentages of 8.6 and 15.6, respectively (Table 2) .
Taking the different genotypes and treatments into account, we were able to obtain a total number of 63 independent mutant DH lines out of 1,838 anthers, with averages of 3.5 (Cobra), 4 (Igri) and 1 (Volga) DH mutant lines per 100 anthers cultured. Due to the high number of green plants recovered from microspores treated with sodium azide (1,020 and 531 from cvs. Cobra and Igri, respectively), a random sample (about 50%) was transferred to soil for further morphological characterisation of the M 2. Therefore, higher frequencies of mutations per anther should be expected in a complete analysis.
The microspore culture system has a low cost and is easy to handle. Therefore this should be the system of choice for producing androgenic DH mutants in cultivars with a high androgenic response. For lowresponding cultivars, as Volga, we were able to demonstrate the possibility of using mutagenesis in combination with anther culture.
A great difference in the efficiency of mutagenesis between different mutagenic agents has been described in barley (Szarejko et al. 1995) . The percentages of morphological mutants obtained in this study through the application of sodium azide to microspores cultures are higher than those reported for the gamma irradiation of spikes before anther culture (Szarejko et al. 1995) or for N-nitroso-N-methylurea treatment of haploid immature embryos (Gaj and Maluszynski 1991) .
In barley, the percentage of mutation of irradiated (Jendre-Strid 1978; Prasad 1995) and chemically treated seeds (Jendre-Strid 1978; Prina and Favret 1981; Szarejko et al. 1995; Gramatikova and Todorov 1996) has been reported to vary significantly depending on the cultivars. However, since the variability in the percentage of mutation among genotypes observed in our study could also be the consequence of the different systems and dose levels used in each genotype, we can not conclude whether there is a specific percentage of mutation for each genotype.
Current emerging haploid technology offers geneticists and plant breeders the opportunity to apply mutagens efficiently and to select for novel genotypes from very large haploid populations in vitro, besides rapidly fixing selected genotypes as fertile true breeding lines. The development of a protocol for in vitro mutagenesis using the anther and microspore culture system is a significant progress in the mutation breeding of barley.
